Introduction
The study of radiative capture of neutrons by protons is of interest not only to nuclear physics as a testing ground for theories of N N interaction, but also to astrophysics, where the fusion reaction is part of the proton-proton chain responsible for the generation of so lar energy and production o f elements in the early universe [37] . The cross section for the process was directly measured [76] for the first time at neutron energy o f 550 keV, al though measurements [77] with thermal neutrons have been carried out earlier. The 10% discrepancy noted between such measurements and theory was accounted for with surpris ing accuracy by the inclusion [78] of meson-exchange-currents (MEC). Measurements [79] at higher energies were used to test effects of p and u) exchanges and relativistic corrections to the impulse approximation [80] . Although a thorough review of the inverse reaction diy, n)p over a wide range of energies is found in [81 ], the energy region just above thresh old does not seem to have received much attention. Photodisintegration experiments at low energies focused attention [82] on the relative M l and E \ contributions. Experiments em ploying polarized photons have been reported between 5 to 10 MeV [83] and more recently [84] at 3.58 MeV. The angular distribution as well as polarization o f the neutron in d{y, p)n were measured [85] . Though the measured angular distribution of the neutron was found
[86] to be in gocxl agreement with theory at 2.75 MeV, the angular distribution and neutron polarization in [85] differ from theory which includes the MEC contributions. Employing polarized neutrons at 6 MeV and 13.4 MeV, the analyzing powers [86] in p{ft, y)d was mea sured which differed from theory. Recent cross section calculations [87, 88] , which agree with each other within 5% deviation, are found to differ from the 1967 estimates of Fowler et al. [37] . The cross section was obtained in [87] by fitting the existing data with a poly nomial expansion, while the calculation in [88] includes M EC 's, isobar currents and pair currents. The theory is in good agreement with cross section data for neutrons with energy above 14 MeV, but deviates by about 15% from older d (y,p )n measurements between 2.5 M eV and 2.75 MeV [89] , which correspond respectively to neutron energies 550 keV and 1080 keV in p(n,y)d. Apart from the fact that uncertainties in p {n ,y)d cross sections at energies below about 600 keV lead to dominant uncertainties in the determination of the relative abundances of elements in the early universe, it is interesting to study the fusion reaction for its own sake, especially since a beginning has also been made [76] to study p (n ,y )d precisely in the region of energies of interest to astrophysics. This recent study [76] has shown experimentally that the M l transition from S-wave capture, which domi nates at lower energies and the £1 transition from P-wave capture at higher energies are comparable at 550 keV.
It is interesting to observe that the neutron capture in p{n,y)d from the ^5 j state is from the isospin / = 0 state, which is the same for the deuteron, while that from the '5q, I = 1 state is characterized by a A/ = 1 transition. Likewise, capture from ^P\, / = 0 state leads to a A / = 0 transition, whereas those from ^Py=o,i,2. 1 = 1 states are characterized by A / = 1 transitions (see TABLE 6.1). The cross section at very low energies is dominated by the A/ = 1 amplitude for the M \ transition from the 'S o state, since the N N scattering length in the '5 o channel is large and the M l amplitude is proportional to the isovector magnetic moment of the nucleon, which is more than five times larger than the isoscalar magnetic moment. It was, however, noted quite early [90] that the spin-dependent effects in the fusion reaction are sensitive to the small A / = 0 amplitudes M l and E2. Hence a "polarized-targetbeam test" was proposed for the ^5 
... and so on. Table 6 .1: Transitions from initial states of np system, from threshold onwards, to the final state with spin-parity 1^ and isospin 1 = 0 , together with the corre sponding A /, Asi and multipole characteristics of the radiation emitted in the fusion reaction.
However, the recently [38] measured value of ij = (1.0 ± 2.5) x 10"'* for y-anisotropy at 50.5% polarization of neutrons and protons in p(f{,y)d cannot test the effective field theory predictions at 10"^. Although this measurement provides the first experimental value for a spin-dependent observable in p(ft, y)d , spin-observables in elastic-V^y^-scattering have been measured for more than two decades [95] . More recently, attention was focused on such observables in scattering [71] , with a veiw to determine the exact strength o f the tensor interaction and the case of n° production in p p collisions [16, [20] [21] [22] [23] for which the threshold itself is high. Even at higher energies, it is clear that the singlet and triplet radiative captures from any arbitrary initial partial-wave, / lead to p(n, y )d characterized respectively by A / = 0 and A / = 1 or A / = 1 and A / = 0 depending on whether the initial parity ( -1 ) ' is odd or even. Since the N N interaction, as elicited from elastic-scattering data, conserves channel spin, 5, (apart from total angular momentum j) as well as isospin /, it would be of interest to study experimentally the relative strengths of the initial singlet and triplet contributions to the p(n, y)d reaction at any given energy, since the fusion reaction leads to transitions in the two-nucleon system, which change spin s, as well as isospin I. It is also worth noting that np fusion near threshold bears some resemblance to the case o f p d fusion (to be discussed in the next chapter), where the validity of the so-called "no-quartet theorem" [32] was questioned and led to several incisive theoretical studies [35, 96, 97] in later years. In contrast to the difficult fusion experiments, it should be technically more $ f feasible to ca n y out the p(rt,y)^H experiments [38] .
In this chapter, we present a model-independent theoretical approach to the np fusion pro cess based on the iireducible tensor formalism and identify observables in y )d exper iments that facilitate determination o f the singlet and triplet cross sections empirically for the fusion reaction at any energy. 
Irreducible tensor formalism
We may explicit Eq. (6.2.5) as 
a^=0,x,yŵ
here Poin) = l,P o(p) = 1 and
we readily see that the unpolarized differential cross section (6.2.4) is given by (l/4)Boo. As before, by defining the singlet and triplet projection operators where the irreducible bilinear amplitudes in Eq. (6.3.2) he analyzing powers, moreover, are measurable readily in an experimental setup such as in [38] , where P{n) = P (p) = P P with P = 50.5% and P could be longitudinal as well as transverse. With P chosen parallel and antiparallel to the beam, it is clear that <6.3.9) d n dQ df2 yields (^> l 2 -A "). .. In this context, it is perhaps pertinent to point out that np dy involves necessarily off-shell N N interactions. Therefore it would also be of interest to examine the fusion reaction with a view to throw light on the off-shell uncertainties.
